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MinireviewEmbarrassed, but Not Depressed:
Eye Opening Lessons for Cerebellar Learning
of the vestibulo-ocular reflex (VOR) and classical condi-
tioning of the eyeblink (Raymond et al., 1996). Both the
cerebellar circuitry and the learned behaviors it medi-
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The basic cerebellar circuitry is conserved throughout
the cerebellum and includes the cerebellar cortex and
deep nucleus (see Figure 1). Mossy fibers originate fromCellular mechanisms of plasticity must be linked to
many areas and provide a shared input to both the cere-circuit mechanisms of behavior to understand learning
bellar cortex and deep nuclei. In the cortex, mossy fibersand memory. Studies of how learning occurs in cere-
synapse onto granule cells, whose axons bifurcate intobellar circuits for classical conditioning of eyeblinks
parallel fibers. Parallel fibers synapse on Purkinje cellsare meeting this challenge admirably. Several recent
and inhibitory interneurons. Purkinje cells are the solepapers have added to the richness of our understand-
cortical output and project via inhibitory synapses toing of cerebellar learning by correlating complex as-
the cerebellar deep nuclei.pects of learned behaviors with hitherto underappreci-
Two radically different excitatory inputs elicit twoated properties of the cerebellar circuit.
characteristic types of electrical activity in Purkinje cells.
Simple spikes occur spontaneously at high rates as aA Synapse Is Not Enough—Understanding
result of inputs from many parallel fibers. In contrast,the Neural Basis of Learning and Memory
each Purkinje cell receives an amazingly powerful input
The main test of the theory is whether or not the syn- from just one climbing fiber, in which every presynaptic
apses from parallel fibers to Purkinje cells are [modifi- spike elicits a distinctive “complex” spike. Climbing fi-
able]…. It is likely that no other cerebellar synapses are bers originate exclusively in the inferior olivary nucleus
modifiable…. Though it is difficult to see how these and are active at low rates around one spike per second.
predictions could be wrong, they might be: such a dis- Several recent studies have highlighted the importance
proof would be embarrassing but not catastrophic, since of a pathway from the deep nucleus back to the inferior
something of the bones of the theory would remain. olive that creates a recurrent olivo-cerebellar circuit (Kim
—David Marr, 1969, from his seminal “A Theory of et al., 1998; Medina et al., 2002).
Purkinje cells have been a major target in the searchCerebellar Cortex,” in which he proposed that plasticity
for potential sites of plasticity, due to their prominenceat synapses from parallel fibers to Purkinje cells could
in the circuit and their two strikingly different excitatorybe the basis for cerebellar learning
inputs and spike waveforms. The synapse between par-
allel fibers and Purkinje cells has received enormousMarr’s statements embody the view of a tight linkage
attention, ever since the proposal on theoretical groundsbetween single mechanisms of synaptic plasticity and
(Marr, 1969; Albus, 1971) that it would be plastic. Subse-behavioral learning. But synapses don’t exist in isola-
quent analysis has verified this prediction: conjunctivetion; they form just one part of elaborate circuits underly-
activation of climbing fiber and parallel fiber inputsing behavior. Learning must result from changes in these
leads, over time, to a reduction in the strength of parallelcircuits and the neural signals they convey.
fiber synapses onto Purkinje cells (cerebellar LTD (long-To establish a comprehensive theory of learning, we
term depression); for review, see Daniel et al., 1998). Asneed to determine cause and effect relationships be-
Ito (1972) proposed for the vestibulo-ocular reflex, LTDtween behavioral learning, neural signals, neural cir-
could mediate motor learning. If climbing fibers signaledcuits, and plasticity mechanisms. Are the forms of plas-
motor error, then weakening parallel fiber synapses thatticity characterized in vitro triggered in vivo by the neural
were active around the time of complex spikes wouldactivity present under conditions that cause learning?
inhibit the production of an incorrect movement and
If so, do they alter neural activity in the circuit in a
lead to an improvement in performance.
way that is sufficient to cause the behavioral learning?
The attractiveness of the cerebellar learning theory
Answering these fundamental questions requires de- led to decades of experiments focused on determining
tailed knowledge of the connectivity and response prop- whether or not LTD could be the neural mechanism of
erties of the relevant neurons and, above all, a complete cerebellar motor learning—as if everyone had accepted
description of the behavior. Marr’s assertion on theoretical grounds alone. In recent
The cerebellum offers a unique opportunity for under- years, however, it has become clear that the much-
standing the neural basis of learning and memory. Its touted simplicity of the cerebellar circuitry should not
circuitry has been described in detail, and it is essential be overestimated. In vitro studies have demonstrated
for two well-characterized forms of learning, adaptation long-term plasticity at multiple sites in both the cerebel-
lar cortex and deep nucleus (for a review, see Hansel
et al., 2001). Known sites include all Purkinje cell inputs:3 Correspondence: mcarey@phy.ucsf.edu
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Figure 1. The Cerebellar Circuit for Classical Conditioning of the Eyeblink Response
Sensory stimuli enter the cerebellar cortex and interpositus nucleus via mossy fibers (tone) and climbing fibers originating in the inferior olive
(air puff). Note the loop created by feedback connections from the deep nucleus to the olive. Filled triangles and circles indicate excitatory
and inhibitory synapses, respectively. Text boxes indicate sites of learning identified by recent experiments discussed in this minireview.
parallel fiber, inhibitory interneuron, and climbing fiber When more complex features of the behavior are
taken into account, it is difficult to imagine how a simple,synapses. LTP (long-term potentiation) and LTD have
been observed at the synapse between Purkinje cells unidirectional change in strength at a single synapse
could adequately explain eyeblink conditioning. For ex-and deep nucleus neurons. Finally, deep nucleus neu-
rons and granule cells exhibit activity-dependent, non- ample:
synaptic changes in intrinsic excitability.
• Learned timing. Eyeblinks are timed appropriately to
Although Marr might have been embarrassed by these
match the interval between the onset of the tone and
additional demonstrations of plasticity, they seem inevi-
the air puff.
table in retrospect. In reality, the richness of the cerebel-
• Extinction. Repeated presentation of the tone without
lar circuitry is matched by that of even the simplest
the air puff leads to extinction of the conditioned re-
forms of learning that it mediates.
sponse.
Cerebellar Mechanisms for Multiple Features
• Consolidation. Blinks to the tone alone do not usually
of Eyeblink Conditioning
develop within the first training session, but show up
In eyeblink conditioning, a neutral stimulus (such as a
early in the second session, suggesting that a storage
tone) is paired with an aversive stimulus (such as an air
process occurs between sessions.
puff) on the cornea. After repeated pairings, the neutral
or “conditioned” stimulus causes an eyeblink even when Learned Timing Reveals Two Sites of Learning
Inactivation of regions of cerebellar cortex can disruptpresented alone because it has become predictive of
the aversive or “unconditioned” stimulus. A wealth of the timing of the conditioned eyeblink response without
affecting whether it is expressed in response to the tone.lesion, stimulation, and recording experiments have
demonstrated that the cerebellum plays an important On this basis, Mauk and colleagues have proposed that
plasticity in the cortex might control the timing of therole in the acquisition of this conditioned response
(Thompson and Krupa, 1994). response, while plasticity in the interpositus nucleus
could allow for the generation of a response at all (forIn this system (Figure 1), the climbing fibers convey
the aversive stimulus, the mossy fibers transmit the tone, review, see Medina et al., 2000). The need for at least
two sites of learning is supported by a computer modeland their conjunction is thought to cause LTD in the
synapse from parallel fibers to Purkinje cells. Most now of the cerebellum that was created based on known
neuronal response properties, connectivity, and plastic-agree that the same signals are conveyed to the inter-
positus nucleus, which is the deep nucleus for this be- ity mechanisms (Medina and Mauk, 2000). In the model,
strengthened connections between mossy fibers andhavior, where plasticity and learning could also occur
(Raymond et al., 1996). interpositus neurons control the emergence of an eye-
Minireview
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blink in response to the tone. Plasticity in the cerebellar ing occurs during the training session. If so, then altering
the activity within cerebellar circuits between trainingcortex results in a temporal pattern of modulation of
Purkinje cell output that briefly disinhibits the deep nu- sessions should not disrupt conditioning.
In a recent issue of Neuron, however, Attwell et al.cleus neuron at only the appropriate time, sculpting the
time course of the learned behavioral response. (2002) demonstrate that important events are occurring
between training sessions. Between-session infusionsIn a recent test of this hypothesis, Bao et al. (2002)
took advantage of pharmacological manipulations that of the GABAA agonist muscimol prevented conditioning
when delivered to the cerebellar cortex but not to theeffectively disconnected Purkinje cells from the deep
nucleus. In one experiment, their approach was de- interpositus nucleus. Attwell et al. (2002) conclude that
the cerebellar cortex probably plays a special role insigned to control the level of tonic inhibition in the nu-
cleus while eliminating normal inhibitory modulation consolidation.
Because the Purkinje cell output is inhibitory, musci-from Purkinje cells (Figure 1). When disconnection was
performed in previously conditioned rabbits, delivery of mol infusion has opposite effects on activity in the deep
nucleus depending on whether it is infused in the nu-the tone alone still evoked an eyeblink, but the re-
sponses were inappropriately timed, consistent with cleus or the cerebellar cortex. Therefore, a complete
test of the relative roles of cortex and deep nucleus inMauk’s previous findings that plasticity in the cerebellar
cortex controls response timing. In a second experi- consolidation requires repeating these experiments with
the infusion of GABA antagonists in the deep nucleus.ment, they showed that blocking inhibition in the inter-
positus nucleus prevented conditioning in naı¨ve rabbits, Still, a complete understanding of cerebellar learning
must now account for activity-dependent consolidationstrengthening the evidence that plasticity in the cortex
alone cannot fully account for conditioning. mechanisms that occur between training sessions (Fig-
ure 1).A Role for the Olivo-Cerebellar Loop in Extinction
A recent paper by Medina et al. (2002) has linked the Comparing Mechanisms of Learning
and Mechanisms of Plasticityphenomenon of extinction to the recurrent circuit from
the inferior olive to the cerebellar cortex and, via inhibi- The experiments we’ve discussed so far suggest that a
variety of plasticity mechanisms act in a spatially andtory neurons in the deep nucleus, back to the olive (Fig-
ure 1). It was already known that feedback from the temporally specific way to affect different aspects of
learning. Even in vitro analysis of plasticity mechanismsdeep nucleus to the olive would inhibit the response of
climbing fibers signaling the aversive stimulus and that has now shown that there are many mechanisms of
plasticity at different sites in the cerebellum. The ulti-this inhibition contributes to the complex phenomenon
of blocking (for details, see Kim et al., 1998). mate goal of linking plasticity mechanisms to learning
and memory, however, requires more than just the local-Medina et al. (2002) hypothesized that the inhibition
of climbing fibers could be a signal for extinction and ization of plasticity. We must go beyond analysis of
plasticity mechanisms in vitro to ask what mechanismstested this with pharmacological manipulations of activ-
ity in the inferior olive. In intact animals, repeated pre- are present in vivo and which mechanisms are used in
different situations.sentation of the tone without an aversive stimulus led
to extinction—the conditioned eye closure gradually In a recent issue of Neuron, Jorntell and Ekerot (2002)
present a series of in vivo electrophysiological experi-weakened and then disappeared. If inhibition was
blocked in the inferior olive, then extinction never oc- ments designed to do just that. They assessed receptive
field sizes of Purkinje cells in a cerebellar region thatcurred—the rabbits continued to blink in response to
repeated presentations of the tone alone. Conversely, responds to cutaneous inputs, following various combi-
nations of electrical stimulation of parallel fibers, climb-blocking excitation resulted in rapid extinction, even if
the conjunction of tone and aversive stimulus continued. ing fibers, or skin regions. They found that stimulation of
parallel fibers alone led to a huge expansion of receptiveBy manipulating the balance of inhibitory and excit-
atory inputs to climbing fibers, Medina et al. (2002) con- fields. In contrast, when parallel fiber stimulation was
paired with complex spikes, the receptive fields shranktrolled the ability of rabbits to maintain or extinguish
conditioned responses. According to this scheme, a back to normal size. Opposite effects were observed in
inhibitory interneurons—conjunctive activation of climb-tone coinciding with a complex spike drives the acquisi-
tion of a conditioned response, while a tone alone drives ing fibers and parallel fibers led to an expansion, not
shrinkage, of interneuron receptive fields. Since theseextinction, suggesting that the presence or absence of
a complex spike determines whether plasticity will sup- in vivo experiments measured spiking rates of neurons
and not synaptic currents per se, they cannot identifyport or oppose the conditioned response. Thus, the re-
sults of Medina et al. (2002) appear to be consistent the exact plasticity mechanisms. However, they imply
that bidirectional plasticity may be present in the parallelwith rules for cerebellar cortical plasticity that invoke
LTD if parallel fiber and climbing fiber inputs to a Purkinje fiber inputs to both Purkinje cells and inhibitory interneu-
rons in the intact cerebellum (Figure 1).cell are active simultaneously or LTP if parallel fibers
are activated alone. For this interpretation to be correct, Missing Links in Cerebellar Learning
Even when sites of plasticity characterized in vitro corre-LTD and LTP at the synapse between parallel fibers and
Purkinje cells would have to reverse each other (see spond to those identified as necessary for learning in
vivo, we cannot assume that the same mechanism is atbelow).
A Cerebellar Locus of Consolidation work in both cases. Here, we address some of the gaps
between our knowledge of cerebellar plasticity mecha-What happens on a neural level, between training ses-
sions, to solidify the storage of memories? One normally nisms and behavioral learning, in the interest of motiva-
ting experiments to fill those gaps.thinks that the most important action in cerebellar learn-
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• Bidirectional plasticity. As mentioned above, in vivo ideas: the current state of knowledge endorses the origi-
nal idea that LTD is one mechanism of cerebellar learn-experiments suggest the necessity of a reversible
plasticity mechanism at the synapse from parallel fi- ing (Ito, 1972, 1998; Miles and Lisberger, 1981; Thomp-
son and Krupa, 1994). Still, a full explanation ofbers to Purkinje cells, with LTP or LTD evoked de-
pending on whether or not parallel fiber activity coin- cerebellar learning requires expanding our horizons be-
yond parallel fiber LTD to include all features of learnedcides with a complex spike. The most commonly
studied forms of LTD and LTP do not reverse each behaviors and multiple sites of learning. We need to
be open to the possibility that learning occurs at allother; the LTD is postsynaptic and the LTP is presyn-
aptic. Very recently, a postsynaptic form of LTP was synapses and in all cerebellar neurons in vivo. Even if
plasticity is possible at only half of the synapses in thedemonstrated at this synapse (Lev-Ram et al., 2002),
but it has not yet been shown to reverse parallel fi- cerebellum, an understanding of behavioral learning
must emphasize the operation of neural circuits as wellber LTD.
• In vitro versus in vivo induction protocols. When Jorn- as the interplay between those circuits and the myriad
cellular and molecular mechanisms that reside withintell and Ekerot (2002) applied the standard in vitro
presynaptic-LTP induction protocol in vivo, they them.
found no effect. To see an expansion of receptive
Selected Readingfields, they had to change the stimulation parameters.
Yet another protocol was used by Lev-Ram et al.
Albus, J.S. (1971). Math. Biosci. 10, 25–61.
(2002) to induce postsynaptic LTP in vitro. It appears
Attwell, P.J.E., Cooke, S., and Yeo, C.H. (2002). Neuron 34, 1011–
that the nature of plasticity induced both in vivo and 1020.
in vitro depends strongly on details of stimulus param- Bao, S., Chen, L., Kim, J.J., and Thompson, R.F. (2002). Proc. Natl.
eters. Acad. Sci. USA 99, 1592–1597.
• Are all cerebellar synapses plastic? The results of Chen, C., and Thompson, R.F. (1995). Learn. Mem. 2, 185–198.
Jorntell and Ekerot (2002) suggest that synapses from Daniel, H., Levenes, C., and Crepel, F. (1998). Trends Neurosci. 21,
parallel fibers to inhibitory interneurons are plastic. 401–407.
Once appropriate stimulation conditions are found, Hansel, C., Linden, D.J., and D’Angelo, E. (2001). Nat. Neurosci. 4,
plasticity may prove to be possible everywhere. We 467–475.
subscribe to the most extreme extension of this possi- Ito, M. (1972). Brain Res. 40, 81–84.
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and every neuron in the cerebellum will be subject to Jorntell, H., and Ekerot, C.F. (2002). Neuron 34, 797–806.
bidirectional plasticity. Given what is already known, Kim, J.J., Krupa, D.J., and Thompson, R.F. (1998). Science 279,
we can be wrong by at most a factor of two! 570–573.
• Temporal conjunction for plasticity. Behaviorally Lev-Ram, V., Wong, S.T., Storm, D.R., and Tsien, R.Y. (2002). Proc.
based studies agree that in order to support learning, Natl. Acad. Sci. USA 99, 8389–8393.
LTD should be maximal when parallel fiber activity Marr, D. (1969). J. Physiol. 202, 437–470.
occurs at least 100 ms before a complex spike (e.g., Medina, J.F., and Mauk, M.D. (2000). Nat. Neurosci. Suppl. 3, 1205–
Raymond and Lisberger, 1998; Medina and Mauk, 1211.
2000). Consistent with this idea, Wang et al. (2000) Medina, J.F., Nores, W.L., and Mauk, M.D. (2002). Nature 416,
recently demonstrated that LTD requires parallel fiber 330–333.
input to occur before climbing fiber input if it is in- Medina, J.F., Nores, W.L., Ohyama, T., and Mauk, M.D. (2000). Curr.
Opin. Neurobiol. 10, 717–724.voked with parallel fiber stimulation that activates sin-
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273–299.agree. The optimal temporal window for parallel fiber
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9129.lation and on the presence or absence of GABAA
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1126–1131.• The nature of plasticity in the deep cerebellar nuclei.
Thompson, R.F., and Krupa, D.J. (1994). Annu. Rev. Neurosci. 17,Several lines of evidence suggest long-lasting plastic-
519–549.ity between mossy fibers and neurons of the interpos-
Wang, S.S.-H., Denk, W., and Hausser, M. (2000). Nat. Neurosci. 3,itus nucleus. Can this be accounted for by the in-
1266–1273.creases in intrinsic excitability described in vitro, or
is there synaptic plasticity here as well? Are there
activity-dependent consolidation mechanisms, like
that described by Attwell et al. (2002), which could
translate increased excitability of deep nucleus neu-
rons into more permanent changes? What role does
Purkinje cell activity play in deep nucleus plasticity?
Conclusion
Marr would not need to be embarrassed. Recent demon-
strations of links between the rich complexity of neural
circuitry, plasticity mechanisms, and learned behaviors
have renewed our appreciation of the power of the cere-
bellar learning circuit. We needn’t abandon the old
